ABSTRACT A terahertz mixer is one of terahertz key components and widely used on terahertz wireless communication, remote sensing, aerospace exploration, and biomedical system. The performance of the terahertz mixer has a great effect on the entire terahertz transceiver system performance. This paper proposes a 220 GHz broadband sub-harmonic mixer based on global design method (GDM), which is different from the traditional subdivision design method of which the mixer circuit is composed of functional unit circuits. Instead, the GDM adopts the overall performance of the mixer (conversion loss) as an optimization goal. The continuous structures of the circuit are described by ideal transmission line models and waveguide models, meanwhile, the S-parameters of the de-embedded model are used to describe the discontinuous structures. The measured single-sideband (SSB) conversion loss is basically consistent with the simulation results, which verifies the accuracy and reliability of the GDM. When local oscillator (LO) frequency is fixed at 110 GHz, the measured SSB conversion loss is less than 10 dB with the average value of 8.1 dB from 198 to 238 GHz. The minimum conversion loss of the mixer is 6.35 dB at 207 GHz. The measured double-sideband noise temperature of the mixer is less than 924 K at an intermediate frequency of 1.6 GHz. The GDM has the characteristics with a wide frequency band, small circuit size, simple structure, low LO power, and stable performance, and can also be applied to other terahertz components.
I. INTRODUCTION
In the 1980s, international research institutes such as Jet Propulsion Laboratory, Virginia Diodes, Inc., European Space Agency, Japan Aerospace Exploration Agency and universities have carried out research on terahertz solid-state circuit technology. Terahertz technology has been widely applied in many fields such as remote sensing of the earth atmosphere [1] , exploration of the aerospace [2] , biomedical care [3] , military security [4] , wireless high speed communications [5] , and so on [6] - [10] . The terahertz transceiver front-ends have become a research hotspot in many fields. Terahertz mixer is one of the important devices in terahertz transceiver system, and its performance and reliability has a great impact on the performance and reliability of the entire The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat.
terahertz receiver system. The harmonic mixing technology is devoted to lowering required Local Oscillator (LO) frequency to half or even 1/4 of Radio Frequency (RF), [11] , [12] . There are four common types of terahertz mixers: Superconductor Insulator Superconductor (SIS) mixers [13] , Superconducting Hot Electron Bolometer (HEB) mixers [14] , transistor mixers [15] , and Schottky Barrier Diode (SBD) mixers [16] . The HEB mixers and SIS mixers usually operate under extremely cryogenic conditions. The transistor mixers require an external bias circuit subjected to the fabrication process. The SBD mixers can work at room temperature with simple structure and high reliability. At present, terahertz mixer based on SBD has become main-stream design for terahertz mixers [17] - [22] .
Traditionally, the terahertz sub-harmonic mixer designed by the SDM requires LO Low-Pass Filter (LPF) to pass LO signal and block RF signal, and Intermediate Frequency (IF) LPF to pass IF signal and block LO/RF signal, [23] - [27] . In [25] , a 220 GHz sub-harmonic mixer based on the SDM is introduced. The high-low impedance filter is employed in LO LPF, and the Compact Suspended Micro-strip Resonators (CSMRs) filter is used for IF LPF. The measured SSB conversion loss of this 220 GHz mixer is less than 9 dB with only 20 GHz bandwidth. In [26] , a 240 GHz sub-harmonic mixer for space-borne radiometers with the SDM is proposed. Two different hammerhead filters are applied for this subharmonic mixer's LO LPF (length: 3.5 mm) and IF LPF (length: 4.4 mm). The whole circuit size of the mixer is large. In [27] , a 183 GHz and a 366 GHz MMIC membrane subharmonic mixers are discussed. The most regular high-low impedance filters are adopted to the LO LPF and IF LPF of those two sub-harmonic mixers.
With the increasing operating frequency of terahertz mixers, the design of mixers based on traditional SDM faces problems due to smaller shield cavities and complicated stub matching structures. The GDM based on the mixer's overall performance was simply reported in our previous work [28] , with the high-low impedance lines as basic circuit units. The GDM has obvious advantages on more optimization variables, simple circuit structures, small circuit size, high efficiency, and good performance. In this paper, a 220 GHz sub-harmonic mixer based on the GDM is presented. Compared with our previous work, this paper shows a more specific description of the GDM. A single-stage reduced technology was applied for the RF/LO reduced waveguide transition. Two gold wires are bonded for the RF end of the substrate. The basic dimensions of two 220 GHz subharmonic mixer are also different. The previous work only showed the mixer modeling, design and simulation. The subharmonic mixer in this paper further presents the fabrication, measurement and analysis from the SSB conversion loss, DSB noise temperature, linearity, and S11 of RF port. Those works confirm the effective and accuracy of the GDM.
Section II presents the GDM of terahertz sub-harmonic mixer, and discusses the difference between the GDM and the traditional SDM. Section III focuses on the 3-D fullwave electromagnetic model of SBD. Section IV provides the design and simulation of 220 GHz sub-harmonic mixer designed by the GDM. Section V gives the fabrication, measurement and analysis of 220 GHz sub-harmonic mixer. Finally, the conclusion is presented in Section VI.
II. METHOD A. THE TRADITIONAL DESIGN METHOD OF THE TERAHERTZ MIXERS
A 220 GHz sub-harmonic mixer is taken as an example. The RF signal is input by WR 4.3 waveguide (1.092 mm * 0.546 mm), and is loaded into the diode through RF reducing waveguide, the RF transition probe, RF matching circuits and DC grounded in RF port. The LO signal is input by WR 8 waveguide (2.032 mm * 1.016 mm), and is loaded into the diode through LO reducing waveguide, the LO transition probe, LO LPF and LO matching circuits. The IF signal generated by diode's mixing is extracted through IF LPF, and finally is output via K or SMA connector. The isolation of LO signal and IF signal is realized by the LO-IF diplexer -consisting of LO LPF, IF LPF and the LO transition probe.
For the traditional terahertz harmonic mixer based on the SDM, the entire circuit is composed of several specific functional circuit units, including LO LPF, IF LPF, the RF/LO transition probe, RF/LO waveguide, a DC grounded structure in RF port, diode, and IF output, as illustrated in Fig. 1 , [29] . Each functional unit is designed separately to achieve best performance, and then impedance matching circuits are used to optimize the whole terahertz mixer's performance between functional units. The advantage of the SDM is that the performance of each passive circuit can be checked directly, and it can also be directly applied for other circuits. The disadvantage is that full-wave simulation of each passive circuit by using field simulation software is very time-consuming and inefficient. Although the SDM of terahertz mixer guarantees optimal performance of each functional circuit unit, on the other hand, it complicates the structure of the entire mixer circuit and increases the circuit size. Moreover, those make it difficult to obtain the terahertz mixer's overall optimal performance by using the SDM.
B. THE GLOBAL DESIGN METHOD OF THE TERAHERTZ MIXERS
In order to solve the problems caused by the SDM, the GDM for terahertz mixer is proposed, as shown in Fig. 2 .
(1) Design the terahertz mixer's circuit topology. (2) According to (1) , the GDM decomposes the entire mixer circuit into several basic circuit units. The characteristic parameters of the basic transmission units extracted from the High Frequency Structure Simulator (HFSS), including the characteristic impedance, the equivalent dielectric constant, and the attenuation per unit length, are combined with the ideal transmission line model to complete the modeling of the transmission lines' continuity structures. The electromagnetic characteristics of the transmission lines' discontinuity structures and the waveguide discontinuity structures are characterized by S-parameters, which are obtained by simulating the de-embedded step model of the transmission lines' discontinuity structures and the de-embedded reduced waveguide model of the waveguide discontinuity structures. The GDM is established with the mixer conversion loss as the optimization goal in Advanced Design System (ADS) by using these models. The active circuit model of the whole terahertz mixer is simulated and optimized. (5) According to the optimized variables, the passive circuit model of the whole mixer is established in HFSS, and a full-wave simulation is performed on this model. (6) The S-parameter matrixes obtained from (5) are exported as SNP file, and are brought into ADS to verify whether the expected goals are achieved. (7) If not achieved, return (2) to change the transmission line units, and then re-design, re-simulate and re-optimize the whole terahertz mixer. (8) After repeating iterations of the entire mixer's active/passive circuit model until the design requirements are met, finally the mixer is processed, assembled, and measured.
Once the whole mixer's circuit topology is determined, the functional unit circuits are no longer individually designed in the GDM, which is quite different from the SDM. The transmission lines are used as the entire mixer's basic circuit unit. The mixer's overall performance (conversion loss) is regarded as the optimization goal. The length of transmission lines and rectangular waveguides with different impedances can be used as the optimization variables, which increases the number of matching variables and expands the optimization space. More importantly, the transmission line also has the function of filtering while performing circuits matching. Therefore, the GDM greatly simplifies the design of mixers, reduces the overall circuit's size, and improves performance.
III. SCHOTTKY BARRIER DIODE MODEL
The typical equivalent circuit model based on planar SBD's parasitic effect is widely used in diode modeling. According to the physical structure of the diode, this model is continuously re-modified and refined by series resistance, parasitic capacitance and parasitic inductance, [30] - [32] . The equivalent circuit model based on the diode parasitic effect can intuitively represent the parasitic parameters derived from the physical structure of the diode. The circuit model representing the actual characteristics can be modeled by the diode's measured data. However, whether the equivalent circuit model of diode can accurately characterize the actual diode parasitic parameters and guide the corresponding circuit design, those largely depends on the choice of the circuit model. As the diode's operating frequency increases to the terahertz frequency band, the physical structure and the package of the diode would bring a lot of parasitic parameters that the equivalent circuit model is difficult to accurately modeling. In order to achieve the accurate model of terahertz harmonic mixer, it is necessary to establish a 3D electromagnetic model of the planar SBD. The 3-D full-wave electromagnetic model of a diode should be accurately established, and internal ports are reasonably set within the diode, as depicted in Fig. 3 . At first, the structure dimensions of diode's each part are obtained, including semi-insulating membrane substrate (GaAs), heavily doped buffer layer (n++GaAs), lightly doped epitaxial layer (n-GaAs), anode and cathode (gold), cathode ohmiccontact mesa, and so on. Then, the actual structure model of diode is set up. The each layer's material based on the actual electrical characteristics is generally treated as approximation process. The n++ buffer layer is set as an ideal conductor, and the n-epitaxial layer is set as GaAs. Finally, the diode internal ports are established by extending the anode probe through the epitaxial layer to the buffer layer, and two wave ports are added inside the SBD.
After studying all layers structure, material properties and electromagnetic characteristics of the diode, then a 3-D fullwave electromagnetic model of the SBD is accurately built. This model is used to describe the high frequency characteristics of the diode working in the terahertz frequency band. A complete SBD model is formed by combining the passive linear parasitic parameters (3-D full-wave electromagnetic model) with the active nonlinear model (intrinsic SPICE model, as presented in Fig. 4 ). The junction capacitance (Cj0) is 1.42 fF, the series resistance (Rs) is 12 ohms, the reverse breakdown voltage (Vj) is 0.6 V, and the reverse saturation current (Is) is 1.75 fA.
In this work, an anti-parallel air-bridged Schottky diode is adopted as the key component of 220 GHz sub-harmonic mixer, in Fig. 5 . The output current of the anti-parallel diode pair only includes the mixing terms of the even harmonics of the LO signal and the fundamental harmonic of the RF signal. The odd harmonic mixing terms of the LO signal exists in the reverse parallel diode pair loop [33] - [35] .
IV. DESIGN AND SIMULATION
In this paper, the anti-parallel air-bridged SBD Teratech AP1-G2-0P95 is chosen as the core component of this 220 GHz sub-harmonic mixer. The quartz substrate with 50 um thick is introduced for whole mixer circuit. The suspended microstrip structure is adopted to LO part. The micro-strip structure is adopted to IF part, while K connector is used to the IF output. The cross section dimension of the mixer suspended micro-strip structure, the micro-strip structure and the substrate are 0.44 mm * 0.2 mm, 0.44 mm * 0.25 mm and 0.4 mm * 0.05 mm, respectively. There are 12 basic circuit units for the whole mixer, as shown in Fig. 6 .
Based on those basic circuit units, the circuit topology of the whole 220 GHz sub-harmonic mixer is determined. Then the active circuit model and corresponding passive circuit model of 220 GHz broadband sub-harmonic mixer using the GDM are built, shown in Fig. 7 and Fig. 8 , respectively. The width and height of the shielding (air) cavity, the conductor strip (gold) on the surface of substrate, substrate and the RF/LO reduced or standard rectangle waveguide of every circuit unit would be fixed. The different length of the continuous transmission units (suspended micro-strip transmission lines, micro-strip transmission lines and rectangle waveguides) are set as optimization variables.
In Fig. 7 and Fig. 8 , those basic circuit units include a DC grounded in RF port (SNP1), RF probe transition (SNP2), LO probe transition (SNP9), RF/LO reduced waveguide transition (SNP4/SNP11), shorted circuit end of RF/LO reduced waveguide (SNP3/SNP10), diode flipped on quart-glass substrate (SNP5, DIODE1, DIODE2), suspended micro-strip high-low impedance step structures (SNP6, SNP7, SNP8), micro-strip high-low impedance step structures (SNP12, SNP13, SNP14), IF output port (SNP15), suspended micro-strip transmission lines (TLINP1, TLINP2, TLINP3, TLINP4, TLINP5, TLINP6), micro-strip transmission lines (TLINP7, TLINP8, TLINP9, TLINP10) and RF/LO reduced or standard rectangle waveguides (RWG2, RWG3/RWG5, RWG6 or RWG1/RWG4). The last 3 basic circuit units belong to continuous transmission units, and the rest belong to the discontinuous structures needed to be deembedded, as stated in SECTION II.
The RF signal and LO signal are input by WR 4.3 and WR 8, respectively. The diode SPICE model is comprised of DIODE1 model and DIODE2 model. For the active circuit model of 220 GHz broadband sub-harmonic mixer using the GDM, the LO frequency is fixed at 110 GHz (or other frequencies) with LO driven power 2 mW to 4 mW. The RF power is set as 0.1mW with the RF sweep frequency 190 GHz to 219 GHz and 221 GHz to 250 GHz. The SSB conversion loss is set as the optimization goal of 220 GHz sub-harmonic mixer.
In Fig. 8 , the entire mixer has 14 length variables, including 4 variables related to RF section (r1, r2, r3, and r4), 6 variables related to LO section (l1, l2, l3, l4, l5, and l6), and 4 variables related to IF section (i1, i2, i3, and i4). Based on Fig. 7 and Fig. 8 , the overall structure of 220 GHz sub-harmonic mixer are gradually obtained by repeated iterations through the active circuit model (in ADS) and the corresponding passive circuit model (in HFSS), as shown in Fig. 9 . The final substrate circuit size of mixer is 5.365 mm.
The LO frequency is chosen as 110 GHz, and RF power is 0.1 mW. From RF frequency 192 GHz to 239 GHz, the simulated results show that the SSB conversion loss of subharmonic mixer is less than 9.16 dB with the average value of 7.79 dB, and have a good performance with LO powers from 2 mW to 4 mW. When LO power is fixed at 3 mW, the simulated SSB conversion loss of mixer is less than 8.36 dB from RF frequency 193 GHz to 240 GHz, and the optimal conversion loss is 7.16 dB at 228 GHz, as shown in Fig. 10 . The flatness of the mixer SSB conversion loss deteriorates as the LO power increases. Although the mixer achieves the best performance with the LO power of 2 mW, we have chosen the optimum operating power of 3 mW considering the actual operating state of the diode.
When LO frequency is set as 101 GHz and 104 GHz with the RF power of 0.1 mW and the LO power of 3 mW, the simulated SSB conversion loss achieves a good performance. For LO frequency 104 GHz, the SSB conversion loss is below 8.2 dB with the average value of 7.55 dB from 198 GHz to 236 GHz, as shown in Fig. 11 . The LO frequency is set as 113 GHz and 115 GHz, the simulated SSB conversion loss is less than 8.2 dB with the average value of 7.5 dB from 202 GHz to 237 GHz, as depicted in Fig. 12 .
V. FABRICATION, MEASUREMENT AND ANALYSIS
The cavity of 220 GHz broadband sub-harmonic mixer is designed with brass, and its surfaces are plated with gold. In order to facilitate the processing and assembly, this cavity is divided into two parts, and is fixed with screws and pins. The cavity dimension is 32 mm × 25 mm × 20 mm. The internal structure of this sub-harmonic mixer is presented in Fig. 13 . Furthermore, this 220 GHz broadband sub-harmonic mixer is analyzed from the SSB conversion loss, DSB noise temperature, linearity, and S11 of RF port.
A. THE SSB CONVERSION LOSS OF MIXER
With the SSB conversion loss measurement system, the calibrated RF signal and LO signal are input into the subharmonic mixer, and then the spectrum analyzer is used to measure the IF output power produced by the mixing at the mixer's IF output port. The SSB conversion loss is calculated from the IF output power and the RF input power. The RF signal and the LO signal are usually generated by the frequency multiplication chains. The entire measurement system is connected by the transmission lines, which is not susceptible to external electromagnetic interference and does not leak electromagnetic energy to the outside. The block diagram of the 220 GHz sub-harmonic mixer's conversion loss measurement system is depicted in Fig. 14 . The LO signal is generated by two frequency multiplication links. One link is the Agilent 83732B signal generator (16 GHz -17.667 GHz), and Agilent 83558A 6 × mm-wave amplification (AMP) module (96 GHz -106 GHz). The other link is the Agilent 83732B signal generator (13.375 GHz -14.625 GHz), and the RPG 110 GHz 8 × frequency AMP module (107 GHz -117 GHz). The RF signal is generated by the Agilent E8257D signal generator (33.3 GHz -40 GHz), the 75 GHz 2 × frequency AMP module (66.667 GHz -80 GHz), and the WR 4.3 × 3 AMP module (200 GHz -240 GHz). The IF signal generated by the RF signal and LO signal after passing through the subharmonic mixer is measured by the Agilent N9030A PXA signal analyzer.
The calibration and measurement process are as follows: (a) At first, the LO frequency multiplication link and the RF frequency AMP link are built based on Fig. 14 . When the output power of the LO frequency link reaches to 3.1 mW operating at certain LO frequency (f LO ), the corresponding calibrated input power (P LO ) of the LO signal source is recorded. In the same way, when the output power of the RF frequency AMP link reaches to 150 µW operating at certain RF frequency (f RF ), the corresponding calibrated input power (P RF ) of the RF signal source is recorded. Considering that the actual LO/RF power may be lower than the measured value by the Power Meter, the calibrated LO power (1), and (2). Through the iterative measurement and calculation of the above steps, the measured SSB conversion loss in the RF frequency range operating at LO frequencies are finally obtained, as shown in Fig. 15, Fig. 16, Fig. 17 and Fig.18 .
The LO frequency is chosen as 101 GHz and 104 GHz, the LO driven power is 3.1 mW, and the RF signal input power is about 0.15 mW. In Fig. 15 , the measured results show that the RF SSB conversion loss of the terahertz mixer is basically less than 10 dB with the average value of 8.3 dB in the RF frequency range of 198 GHz -238 GHz. When the LO frequency is fixed at 104 GHz, within the RF frequency range of 203 GHz -238 GHz, the SSB conversion loss is less than 9.9 dB with the average value of 8 dB. The minimum conversion loss of sub-harmonic mixer is 6 dB at 222 GHz. The 101 GHz and 104 GHz are located at the low frequency edge of the LO center operating frequency (110 GHz), the mixer working state is relatively unstable. Therefore, note that the measured SSB conversion loss has a certain frequency offset compared with the simulation results.
When the LO frequency is set as 113 GHz and 115 GHz with the LO optimum driven power of 3.1 mW and the RF signal input power of 150 µW. The measured conversion loss of the 220 GHz broadband sub-harmonic mixer is presented in Fig. 16 . In the RF frequency range of 198 GHz -238 GHz, the SSB conversion loss is less than 12.1 dB with the average value of 8.75 dB. FIGURE 18. The measured SSB conversion loss comparison of 220 GHz broadband sub-harmonic mixer and reference [36] .
In [36] , a 220 GHz sub-harmonic mixer with the SDM is introduced. The comparison between the work based on the GDM we proposed and this work based on the SDM is made. The high-low impedance filter is adopted to the LO LPF of this terahertz mixer, and the hammerhead filter is applied for the IF LPF. In Fig. 17 and Fig. 18 , the simulated and measured SSB conversion loss of two 220 GHz subharmonic mixer are compared. When LO frequency operates at 108 GHz and 110 GHz, for SSB conversion loss less than 9 dB, the corresponding RF frequency bandwidth of the mixer designed by the SDM only has 25 GHz, while that of mixer designed by the GDM reaches to 45 GHz.
The measured SSB conversion loss of the mixer using the SDM is less than 12 dB from RF frequency 211 GHz to 226 GHz, while the measured SSB conversion loss of the mixer using the GDM is less than 10 dB from RF frequency 198 GHz to 237 GHz. Compared to the mixer using the SDM (circuit size 8.908 mm and LO power 5 mW), the circuit size of the mixer using the GDM (5.365 mm) is reduced by about 40%, and the LO driven power (3.1 mW) is low. The mixer using the GDM has a better performance in general.
Further analysis of SSB conversion loss of the 220 GHz sub-harmonic mixer: (a) The accuracy of model. Although the complete SBD model and the complete terahertz subharmonic mixer model with the GDM have achieved well performance, it is still impossible to fully characterize the actual operating state of diode and mixer. (b) The processing precision. The 220 GHz broadband sub-harmonic mixer is consisted of the upper and lower parts of cavity, substrate, conductor strip, and diode. Since the operating frequency of this sub-harmonic mixer has reached to terahertz band, these components are relatively sensitive in size, and require a process accuracy of 0.005 mm. Even small size fluctuations can cause performance deviations between the simulation and measurement of the mixer. (c) Assembly error. The processes of fixing the upper and lower parts of the cavity, bonding the substrate in the cavity, flipping the diode chip on the quartz substrate, and jumping gold wires in the RF port are all manually assembled. Extra losses are inevitably introduced into the 220 GHz sub-harmonic mixer.
For the overall SSB conversion loss, there would have 2 dB to 4 dB gap between the simulation and measurement of 220 GHz sub-harmonic mixer. Therefore, the mixer measured results could have several frequency offset compared with simulated SSB conversion loss. Referring to Fig.11 , Fig. 12, Fig. 15-18 , the maximum gap between the simulated and measured SSB conversion loss of the single frequency point and the average value are 4 dB and 1.25 dB, respectively. Therefore, the measured results of this 220 GHz broadband sub-harmonic mixer's SSB conversion loss are basically consistent with the simulation ones, which verify the reliability and accuracy of the GDM.
B. THE DSB NOISE TEMPERATURE OF MIXER
The measurement processes of mixer DSB noise temperature are as follows: (a) The output power (P 
(b) In the same way, the output power (P Hot,rec , P Cold,rec ) of the measured system operating at certain RF frequency (f RF ) and certain LO frequency (f LO ), are tested at hot temperature (T Hot ) and low temperature (T Cold ), respectively. The conversion gain (G rec ), Y-factor (Y rec ) and DSB noise temperature (T rec ) of the measured system are calculated by formulas (6)- (8) .
Y rec = P Hot,rec P cold,rec (7)
(c) The conversion gain (G mix ) and DSB noise temperature (T mix ) of 220 GHz sub-harmonic mixer operating at f RF and f LO are calculated by formulas (9) and (10) .
Through the iterative calculation of the above steps, the measured system and the mixer DSB noise temperature using Y-Factor method are finally obtained in the LO power range, operating at IF frequencies, as shown in Fig. 19 .
The LO frequency of mixer is set as 113 GHz with IF frequencies (1.6 GHz and 2.28 GHz). As the LO input power increases, the corresponding measured system DSB noise temperature and the measured mixer DSB noise temperature increases too. Overall, the measured DSB noise temperature of the entire system varies between 1011 K and 1505 K. The measured DSB noise temperature of the 220 GHz subharmonic mixer is less than 924 K, and the minimum DSB noise temperature is 692 K at IF frequency 1.6 GHz with the LO power of 3.1 mW.
C. THE P 1dB AND S11 OF MIXER
The linearity of 220 GHz sub-harmonic mixer is measured, and the relationship between RF input power and IF output power is shown in Fig. 20 . When LO frequency is 113 GHz, and RF frequency is 225 GHz. The P 1dB of this mixer that RF input power is 0.6 dBm. The simulated and measured S11 results of RF port of the 220 GHz sub-harmonic mixer are depicted in Fig. 21 . From RF frequency 201 GHz to 235 GHz, the simulated S11 of the mixer ranges from −25.3 dB to −8.8 dB, and the measured S11 of the mixer is less than −6.8 dB. Among them, the measured S11 is less than −8.9 dB from RF frequency 201 GHz to 223.6 GHz.
Some 220 GHz sub-harmonic mixers based on the SDM are shown in TABLE 1. Compared with those mixers, the 220 GHz sub-harmonic mixer designed by the GDM has a wide frequency band, small circuit size, simple structure, low LO power, low noise temperature, and stable performance.
In order to further improve the terahertz mixer's performance, several issues should be considered in the future work. For example, the carrier migration and various special physical effects will be taken into consideration, and the physical-based model of the SBD is established by studying the actual operating process of the diode in the terahertz band. In addition, the terahertz monolithic integration technology will be applied to design and process terahertz harmonic mixers, and terahertz frequency multipliers, so that some parasitic effects and errors caused by manual assembly can be made as low as possible. 
VI. CONCLUSION
In this paper, a 220 GHz broadband terahertz sub-harmonic mixer based on the GDM is proposed. Different from the traditional SDM, after the terahertz mixer topology is determined, the transmission lines and rectangle waveguides are used as the basic circuit unit instead of separately designing the passive circuit parts. The terahertz mixer's overall performance (conversion loss) is taken as the optimization goal. The LO frequency is chosen as 110 GHz with the RF power of 0.1 uW, and LO power is set as 3 mW. From RF frequency 198 GHz to 238 GHz, the simulated results show that the SSB conversion loss of mixer is less than 8.1 dB with the average value of 7.56 dB. The optimal conversion loss of mixer is 7.16 dB at 228 GHz. The measured results show that the SSB conversion loss of the terahertz mixers is less than 10 dB with the average value of 8.1 dB from 198 GHz to 238 GHz. The measured DSB noise temperature of the 220 GHz sub-harmonic mixer varies between 692 K and 924 K at IF frequency 1.6 GHz.
The 220 GHz sub-harmonic mixer's measured conversion loss is basically consistent with the simulation results, which verifies the reliability and accuracy of the GDM. The GDM greatly simplifies the design of the terahertz mixer, reduces overall circuit's size and improves the efficiency and performance. It also can be applied to other components such as terahertz frequency multipliers. In the future, the research will focus on the diode physical-based model and the terahertz monolithic integration technology to make compact, and reliable terahertz frequency multipliers and terahertz harmonically mixers. He is currently a Full Professor with UESTC. His current research interests include microwave and millimeter-wave technologies and applications, and radar systems.
